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Magnetoelectric coupling in multiferroic heterostructures can produce large lateral modulations
of magnetic anisotropy enabling the imprinting of ferroelectric domains into ferromagnetic films.
Exchange and magnetostatic interactions within ferromagnetic films oppose the formation of such
domains. Using micromagnetic simulations and a one-dimensional model, we demonstrate that
competing energies lead to the breakdown of domain pattern transfer below a critical domain size.
Moreover, rotation of the magnetic field results in abrupt transitions between two scaling regimes
with different magnetic anisotropy. The theoretical predictions are confirmed by experiments on
CoFeB/BaTiO3 heterostructures.
Electric-field control of magnetism has recently at-
tracted considerable interest as a low-power alternative
for spintronic devices. One promising approach focuses
on magnetoelectric interface coupling between a ferro-
electric material and a thin ferromagnetic film in mul-
tiferroic heterostructures [1–3]. In such structures, fer-
roelectric polarization reversal between two out-of-plane
states has been used to alter the magnetic interface prop-
erties via electrostatic charge modulation or electronic
hybridization effects [4–6]. In addition, domain pattern
transfer from a ferroelectric material to a ferromagnetic
film has been demonstrated for systems with varying in-
plane polarization. The transfer of ferroelectric domains
originates from a magnetoelectric coupling mechanism
whereby the in-plane component of the ferroelectric po-
larization induces a local uniaxial magnetic anisotropy in
the ferromagnetic material. Two mechanisms have thus
far been identified, namely, exchange coupling between
the canted magnetic moment of ferroelectric BiFeO3 and
an adjacent ferromagnetic layer [7–9] and strain transfer
from ferroelectric domains in BaTiO3 to a magnetostric-
tive film [10–13]. Since the orientation of uniaxial mag-
netic anisotropy is linked to the direction of ferroelec-
tric polarization, electric-field control of local magnetic
switching and the writing of magnetic domain patterns
are possible. Moreover, electric-field induced magnetic
domain wall motion has recently been demonstrated in
zero applied magnetic field [14].
The physics of domain pattern transfer in multiferroic
heterostructures depends on a competition between the
strength of the induced magnetic anisotropy and other
relevant energies within the ferromagnetic film. In par-
ticular, exchange and magnetostatic interactions oppose
the formation of regular magnetic domains. In this Let-
ter, we report on the scaling of domain pattern transfer
in multiferroic heterostructures. Micromagnetic simula-
tions and experiments indicate that the imprinting of fer-
roelectric domains into a ferromagnetic film varies with
domain size and magnetic field direction. Breakdown
of pattern transfer occurs when the widths of the fer-
roelectric domains and magnetic domain walls become
comparable. Using a one-dimensional model, we derive
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FIG. 1. Schematic illustration of a thin-film multiferroic het-
erostructure exhibiting domain pattern transfer. The pro-
jections of the ferroelectric polarization onto the film plane
are indicated by arrows in (a). Magnetoelectric coupling be-
tween the two ferroic subsystems induces uniaxial magnetic
anisotropies in the ferromagnetic film, which are indicated by
double-headed arrows in (b). Because of the lateral modula-
tion of uniaxial anisotropy, magnetically uncharged (c) and
charged (d) domain walls form when a magnetic field is ap-
plied perpendicular and parallel to the walls, respectively.
Panels (c) and (d) illustrate the remanent magnetization state
for these two configurations.
concrete expressions for the evolution of the spin rota-
tion between magnetic domains as a function of domain
width. Finally, switching between two scaling regimes
with different magnetic anisotropy is demonstrated in a
rotating magnetic field. The scaling laws can be utilized
to optimize ferroelectric-ferromagnetic domain correla-
tions and to design magnetic nanomaterials with field-
tunable properties.
The multiferroic heterostructures that we consider con-
sist of a ferromagnetic film that is coupled to a ferroelec-
tric material with regular stripe domains (Fig. 1). The in-
plane ferroelectric polarization (or its projection) rotates
by 90◦ at domain boundaries, which mimics the geom-
etry of experimentally studied BiFeO3 and BaTiO3 sys-
tems [7–12]. Local magnetoelectric coupling via exchange
interactions or strain transfer and inverse magnetostric-
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FIG. 2. Simulated remanent magnetization state as a function of domain width for uncharged (left) and charged (right)
domain walls, and corresponding hysteresis curves from the whole area for magnetic fields applied perpendicular (left) and
parallel (right) to the stripe domains.
tion induces an alternating uniaxial magnetic anisotropy
in the ferromagnetic film. Abrupt 90◦ rotations of the
magnetic anisotropy axis strongly pin the magnetic do-
main walls onto the ferroelectric domain boundaries. As
a result, the magnetic domain walls do not move in an
applied magnetic field and magnetization reversal pro-
ceeds by coherent rotation and abrupt magnetic switch-
ing within the domains [10, 11]. Because of strong do-
main wall pinning, two distinctive magnetic microstruc-
tures can be initialized in multiferroic systems exhibit-
ing domain pattern transfer [15]: Magnetically uncharged
head-to-tail domain walls are stabilized when the mag-
netic field is applied perpendicular to the stripe domains
[Fig. 1(c)]. In this case, the intrinsic properties of mag-
netic domain walls and the coupling between neighboring
stripe domains are determined by a competition between
short-range ferromagnetic exchange interactions and the
strength of the uniaxial magnetic anisotropy. A magnetic
field parallel to the domain stripes stabilizes magnetically
charged domain walls [Fig. 1(d)]. In this configuration,
ferromagnetic coupling between domains is dominated by
longer range magnetostatic interactions.
The micromagnetic simulations were conducted us-
ing object oriented micromagnetic framework (OOMMF)
software with two-dimensional periodic boundary condi-
tions [16, 17]. In the simulations, the uniaxial magnetic
anisotropy that is induced by magnetoelectric coupling
(Ku), the domain width (∆), and the ferromagnetic film
thickness (t) were varied. Other parameters included a
saturation magnetization of Ms = 1.7× 106 A/m, an ex-
change constant of A = 2.1 × 10−11 J/m, and an unit
mesh of 2 × 2 × t nm. We note that the use of micro-
magnetic simulations is appropriate for the analysis of
domain pattern transfer and magnetization reversal in
multiferroic heterostructures [18]. The magnetic domain
wall width in the simulations is defined as
δ =
∫ +∞
−∞
cos(φ′)2dx, (1)
where φ′ is the reduced magnetization angle
φ′ =
(
φ−
|φ∆
2
− φ−∆2 |
2
)
· 180|φ∆
2
− φ−∆2 |
(2)
and φ∆
2
and φ−∆2 are the magnetization angles in the
center of two neighboring stripe domains.
Figure 2 shows micromagnetic simulations for un-
charged (left) and charged (right) magnetic domain walls
as a function of domain width. The images represent the
remanent magnetization state for an uniaxial magnetic
anisotropy of Ku = 2.8 × 105 J/m3 and a film thick-
ness of t = 10 nm. For a ferroelectric domain width
of ∆ = 5 µm, the domains are fully imprinted into
the ferromagnetic film and the remanent magnetization
aligns with the uniaxial easy axes of the magnetoelec-
tric anisotropy, i.e., |φ∆
2
− φ−∆2 | = 90
◦. With reducing
domain width, |φ∆
2
− φ−∆2 | decreases monotonically. As
a consequence, the magnetic contrast between domains
lowers and the domain pattern vanishes when a nearly
ferromagnetic alignment between domains is obtained for
small ∆. Breakdown of domain pattern transfer coin-
cides with a change in the magnetization reversal pro-
cess. For large ∆, the magnetization reverses by coher-
ent spin rotation and abrupt switching within the stripe
domains. This is reflected by the rounded shape of the
magnetic hysteresis curves with a remanent magnetiza-
tion of Mr = 1/
√
2, which is characteristic of coherent
magnetization reversal if the angle between the uniaxial
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FIG. 3. (a) Film remanence (Mr) and spin rotation |φ∆
2
− φ−∆
2
| between domains in the remanent state (dashed line) as a
function of domain width (∆) for uncharged magnetic domain walls. (b) Variation of the domain wall width (δuc), magnetic
anisotropy energy (blue dash-dotted line), exchange energy (black dashed line), and magnetostatic energy (green dotted line)
with ∆ for uncharged domain walls. (c) Dependence of the spin rotation between domains and the width of uncharged domain
walls on uniaxial magnetic anisotropy. The domain widths for which |φ∆
2
− φ−∆
2
| decrease to <30◦ (∆30), <20◦ (∆20), and
<10◦ (∆10) are also shown. Panels (d) - (f) contain the same information as (a) - (c) for charged magnetic domain walls. Note
that different horizontal scales are used for ∆ to present data for uncharged and charged domain walls.
magnetic easy axis and the applied magnetic field is 45◦
[19]. For small ∆, the hysteresis curves become square.
In this case, the magnetization aligns with the applied
magnetic field and reversal of the field direction triggers
an abrupt 180◦ switch of the nearly uniform film magne-
tization. The variation of remanent magnetization with
∆ is summarized in Figs. 3(a) and 3(d).
The data of Fig. 2 indicate that domain pattern trans-
fer breaks down at a different domain width for un-
charged and charged domain walls. Distinctive scaling
for these two configurations is explained by dissimilar
interaction lengths of the relevant competing energies.
Figure 3 summarizes the evolution of the main magnetic
parameters as a function of domain width. For uncharged
magnetic domain walls [Figs. 3(a)-(c)], the magnetic sys-
tem is dominated by the uniaxial anisotropy energy (gan)
and the exchange energy (gex), whereas the magneto-
static energy (gms) is small [Fig. 3(b)]. The domain
size dependence of this system is therefore characterized
by the exchange length, here defined as lex =
√
A/Ku.
If ∆ >> lex, the magnetization aligns with the easy
anisotropy axes of the individual stripe domains and full
pattern transfer is obtained. On the other hand, ferro-
magnetic exchange interactions force the magnetization
of neighboring domains to align parallel when ∆ << lex.
In between these two limiting cases, the spin rotation be-
tween domains and the magnetic domain wall width de-
crease with reducing ∆ [Figs. 3(a) and 3(b)]. Figure 3(c)
illustrates the dependence of pattern transfer breakdown
on the strength of uniaxial magnetic anisotropy. Plotted
are the critical domain widths below which |φ∆
2
− φ−∆2 |
decrease to <30◦ (∆30), <20◦ (∆20), and <10◦ (∆10)
together with the domain wall width of uncharged do-
main walls (δuc) and |φ∆
2
−φ−∆2 | for 5 µm wide domains.
Clearly, the spin rotation between neighboring magnetic
domains becomes small when the width of the ferroelec-
tric domains and the width of magnetic domain walls are
comparable (∆20 ≈ δuc for the entire anisotropy range).
The close agreement between the critical domain width
for which pattern transfer breaks down and the width of
uncharged magnetic domain walls is explained by their
mutual dependence on magnetic anisotropy and ferro-
magnetic exchange. Both parameters scale linearly with
lex, which is confirmed by the 1/
√
Ku dependence of the
∆’s and δuc in Fig. 3(c).
For charged magnetic domain walls [Figs. 3(d)-(f)],
the breakdown of domain pattern transfer and the width
of the walls are mainly determined by the uniaxial
anisotropy energy and the magnetostatic energy [Fig.
3(e)]. As magnetostatic coupling between domains ex-
tends over a longer distance than exchange interactions,
the magnetization of neighboring domains are forced to
align parallel at a considerable larger domain width. Also
for this configuration, domain pattern transfer breaks
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FIG. 4. Simulated uncharged (open symbols) and charged
(filled symbols) domain wall width as a function of uniaxial
magnetic anisotropy. The circles and triangles indicate data
for a magnetic film thickness of 10 and 50 nm, respectively.
The lines are calculated using δuc ≈ pi
√
A/2Ku and δc ≈
piµ0M
2
s t/8Ku. The green cross corresponds to the parameters
of the experimental CoFeB/BaTiO3 sample (Fig. 5).
down when the width of stripe domains becomes smaller
than the width of magnetic domain walls. The slope of
the curves in Fig. 3(f) (∆’s and δc) are proportional to
1/Ku.
A comprehensive comparison of the breakdown of do-
main pattern transfer for both magnetic configurations
is given in Fig. 4. Here, the width of uncharged and
charged domain walls are plotted as a function of uni-
axial magnetic anisotropy for a film thickness of 10 and
50 nm. Since the domain wall width is a good measure
for the disappearance of magnetic domains, the graph
can be considered as a phase diagram: The areas above
the curves indicate parameters for which ferroelectric do-
mains are transferred to the adjacent ferromagnetic film,
whereas the areas below the curves represent conditions
for which the film magnetization is mostly uniform. A
good approximation for the width of uncharged domain
walls is given by δuc ≈ pi
√
A/2Ku, which is the width
of 90◦ Ne´el walls in the limiting case of zero magneto-
static energy (dash-dotted line in Fig. 4) [20]. Although
an analytical expression is not available for the width of
90◦ charged walls, the simulated data of Fig. 4 are in
close agreement with δc ≈ piµ0M2s t/8Ku, which is half
the width of 180◦ charged domain walls [21, 22].
Because of the two different scaling regimes, it is possi-
ble to select parameters between the phase transitions for
uncharged and charged domain walls. Under such condi-
tions, rotation of an applied magnetic field would result in
the successive writing and erasure of magnetic domains.
To verify this prediction, we experimentally studied a 50
nm thick CoFeB film on a BaTiO3 single-crystal sub-
strate with in-plane ferroelectric domains. The strain-
induced uniaxial magnetic anisotropy of this film was
Ku = 7.5 × 103 J/m3, which, according to Fig. 4, po-
sitions the parameters of the sample between the phase
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FIG. 5. (a) Magneto-optical Kerr effect microscopy images of
magnetic domains in a 50 nm thick CoFeB film on BaTiO3.
The images on the left (right) are recorded with a magnetic
field of 8 mT parallel (perpendicular) to the stripe domains.
The width of the central stripe domain is 2.5 µm and the
uniaxial magnetic anisotropy is Ku = 7.5 × 103 J/m3. The
sensitive axis of magneto-optical Kerr effect contrast is indi-
cated by ω. (b) Variation of the spin rotation |φ∆
2
− φ−∆
2
|
between domains with the direction of a 6 mT magnetic field.
The dashed black line and solid red line represent simulated
and experimental data, respectively.
transitions for uncharged and charged domain walls if 100
nm < ∆ < 10 µm. Figure 5(a) shows magneto-optical
Kerr effect microscopy images of a magnetic stripe do-
main with ∆ ≈ 2.5 µm. A clear magnetic contrast is
obtained when a 8 mT magnetic field is applied perpen-
dicular to the stripe domains, i.e., for uncharged domain
walls. Rotation of the magnetic field causing a transi-
tion to charged walls (H parallel to stripes) lowers the
magnetic contrast and thus the spin rotation between
neighboring domains. The polar plot of Fig. 5(b) dis-
plays experimental and simulated data on the variation
of |φ∆
2
− φ−∆2 | with the magnetic field direction. Both
curves confirm the existence of two scaling regimes for do-
main pattern transfer and the ability to switch between
uniform and patterned magnetic states by magnetic field
rotation.
Finally, we show that the breakdown of domain pat-
tern transfer in multiferroic heterostructures can be cal-
culated using a one-dimensional model when the energy
of the system is dominated by magnetic anisotropy and
ferromagnetic exchange [23], i.e., for uncharged domain
walls. In this model, two stripe domains of width ∆ are
assumed and periodic boundary conditions are imposed.
The following analytical expression for the spin rotation
between domains is derived by energy minimization:
|φ∆
2
− φ−∆2 | = φ∆2 − acos
(
sinφ∆
2
)
, (3)
where the magnetization angle in the middle of the stripe
domains φ∆
2
can be calculated as a function of ∆ using:
Ku
(
sin2 φ∆
2
)
−F
(
asin
(
1√
2 sinφ∆
2
)
| sin2 φ∆
2
)
=
∆
2lex
,
(4)
and F (ϕ|m) and K(m) are elliptic and complete ellip-
tic integrals of the first kind [24, 25]. Results from the
5one-dimensional model are in excellent agreement with
micromagnetic simulations and experimental data.
In summary, we have shown that domain pattern
transfer in multiferroic heterostructures scales with the
width of ferroelectric domains. Domain correlations are
lost when the ferroelectric domains are narrower than the
width of magnetic domain walls. Since two types of mag-
netic domain walls with different widths can be forced to
form in a controlled manner, two scaling regimes are ac-
cessible. Recurrent switching between both regimes is
possible by rotation of an applied magnetic field. The
demonstrated ability to write and erase magnetic do-
mains by magnetic field rotation opens up a vast play-
ground for the design of field-tunable magnetic nanoma-
terials.
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